I N T RO D U C T I O N
Iran is located in a roughly triangular deforming region, consisting of relatively undeformed shield areas to the southwest (Arabia) and northeast (the Turan shield; Fig. 1 ) and the more recently deformed, though currently inactive, southwest Afghanistan block in the east (Jackson & McKenzie 1984; Treloar & Izzat 1993) . The current geological and tectonic setting of Iran is due to the ongoing convergence between the Arabian and Eurasian Plates, which resulted in the formation of the Iranian plateau, mountain building, extensive deformation and seismicity (Fig. 1) . The deformation involves intracontinental shortening except where the Oman Sea subducts towards the north beneath the southern east of Iran (Makran, Fig. 1 ). The edges of the deformation zone are well defined by the distribution of seismicity and the local topography (Jackson & McKenzie 1984) . It is concentrated in the mountain belts along the SW border (Zagros), the southern shore of the Caspian Sea (Alborz) and along the NE (Kopeh Dagh) and eastern borders (Fig. 1) . These belts enclose a series of relatively aseismic and flat blocks (Jackson & Mckenzie 1984; Berberian & Yeats 1999) .
The mean elevation in the Alborz drops abruptly from 3000 m in the inner belt to −28 m at the Caspian shoreline to the north. The Alborz still represents a region of strong active deformation between the more stable Iranian plateau and the Eurasian plate to the north (Fig. 1) . Based on GPS measurements, Vernanat et al. (2004) suggested ∼5 ± 2 mm yr -1 of N-S shortening across the Central Alborz. The tectonic activity is thought to be the result of the interaction between the northward convergence of central Iran and Eurasia and the northwestward motion of the South Caspian Basin with respect to Eurasia, which induces a left-lateral wrenching along this range. These two mechanisms give rise to a NNE-SSW transpressional regime, which is believed to have affected the entire range for the last ca. 5 Myr (Vernanat et al. 2004) .
In general, the collision of tectonic plates produces a thickened crust (i.e. a mountain range), which is gravitationally supported by an underlying crustal root of buoyant, low-density rock. On the other hand, mountain ranges in isostatic equilibrium are held aloft by the buoyant forces of crustal roots, and the higher the mountains are, the thicker are the roots. The gravity field of Iran shown by Dehghani & Makris (1984) reveals that most parts of Iran are isostatically balanced. However, along the entire Alborz Mountains, in spite of the relatively high topography (Damavand peak, 5670 m high), the gravity field has very small negative values between -50 and 0 mGal. This clearly denotes a major isostatic disturbance, suggesting that the Alborz range is not compensated by its crustal root. This situation is not entirely clear if we consider the (Berberian & King 1981) . Continental convergence between Arabia and Eurasia resulted in distributed deformation in Iran, which is concentrated in mountain belts along the Alborz, Zagros and Kopeh Dagh. These belts surround relatively aseismic and flat blocks (Lut block and Central Iran). Main Zagros Thrust (MZT) separates the Zagros mountains from the Central Iran structural unit.
present-day elevation of the belt (over 4000 m), which was achieved since the Late Miocene (Axen et al. 2001) . There are several independent estimates of crustal thickness beneath the Central Alborz. All these studies indicate an insufficient crustal thickening beneath the Alborz Mountains (Annells et al. 1975; Dehghani & Makris 1984; Sobouti & Arkani-hamed 1996; Doloei & Roberts 2003; Rham et al. 2007) . Strong seismic attenuation in the upper mantle (Kadinsky-Cade et al. 1981) and Quaternary volcanism (Berberian & King 1981) suggest the presence of shallow, anomalously hot, partially molten asthenospheric mantle beneath northern Iran, suggesting that the anomalous mantle could be responsible for the elevation of the Alborz.
Knowledge about the lithospheric thickness serves to better understand the mechanism of formation and history of deformation of the Iranian plateau. More detailed mapping of the crust-mantle boundary can also reveal if a crustal root exists underneath the Alborz Mountains that are genetically part of the Alpine-Himalayan orogeny. To reach this goal, we first summarize an analysis of the teleseismic P receiver function. In the next step, we use the recently developed technique of S receiver function (Kumar et al. 2005a (Kumar et al. ,b, 2006 (Kumar et al. , 2007 Sodoudi et al. 2006a,b; Hansen et al. 2007; Heit et al. 2007; Rychert et al. 2007; Chen et al. 2008) to obtain information about the mantle lithosphere.
DATA A N D A N A LY S I S
The Tehran Telemetry Seismic Network (TTSN) consists of 11 stations, which are located around the city of Tehran in Central Alborz (Fig. 2) . The short-period seismographs (SS-1) are connected to the central recording station via telemetry. The recording is performed on an event-triggered basis. Teleseismic data between 1996 and 2003 have been used in this study. More than 290 teleseismic events ( Fig. 3 ) with magnitudes greater than 5.5 (M b ) at epicentral distances between 30
• and 90
• have been used for P-receiver function analysis. Whereas 21 events with magnitudes greater than 5.7 (M b ) at epicentral distances between 60
• and 85
• were utilized for calculating the S receiver functions. The methodologies (P and S receiver function analysis) used in this paper are the same as described in our previous work (e.g. Sodoudi et al. 2006b ).
O B S E RVAT I O N S

P receiver functions
We compute P receiver functions (PRF) for all stations in a manner as described by Yuan et al. (1997) . We rotate the ZNE-component waveforms into the local LQT ray-based coordinate system and deconvolve the L component from the Q component to isolate the P-to-S conversions on the Q component. Individual and summed PRF are presented in Figs 4(a) and (b). The traces for each station are filtered with a low-pass filter of 1s and arranged with increasing theoretical backazimuth. Due to the different structural zones in the study area (Figs 1 and 2) , we divided the stations into two groups. The first group (Figs 2 and 4a) includes the stations located in Central Iran structural unit, even though the latter consists of stations in Central Alborz, which belongs to the Alborz structural unit (Figs 2 and 4b ). PRF obtained from the first group significantly reveal a rather simple structure compared with those obtained from the second group. The most complicated crustal structure (double Moho signal) can be observed beneath the station DMV, located near the Mount Damavand (5670 m), which is the highest extinct volcanic peak of the Alborz Mountains. A notable feature, which can be observed underneath almost all stations, is the presence of a significant sedimentary layer at about 0.40-1.65 s (see also Table 1 ). Detailed information of Pand S-wave velocities, especially the V P /V S ratio, in the sediment is necessary for accurate calculation of the thickness of the sediment. However, to our knowledge, this information is absent in the study region. The behaviour of V P /V S ratio strongly depends on the sediment composition and porosity and may vary in a range from 1.6 to 2.0 (Wilkens et al. 1984; Johnston & Christensen 1992 ). Here we take average values from above studies (P wave velocity of 4 kms -1 and V P /V S ratio of 1.8) and roughly estimate the thickness of the sedimentary layer beneath each seismic station. Although the errors can be as large as up to 20 per cent in extreme situation, our estimates may provide general information on the variation of the sedimentary thickness. The thickness of the sediment varies between 2.5 and 8.1 km. The sedimentary thickness exceeds 6 km at three stations (AFJ, GZV and FIR) located in the Alborz structural unit. The thickest sediment (8.1 km) can be found beneath station GZV. South of high Alborz and in Central Iran, the sediment is thinner than 4 km. Our observation revealed thick intermontane sediment fills in the central Alborz Mountains.
A very clear and coherent Moho conversion at about 6 s marked as Ps (Figs 4a and b) in the individual traces, as well as in the stacked traces, is visible in the data. However, the multiple phases from the Moho (PpPs and PpSs) are very weak.
In Fig. 5 , the stacked traces from the stations belonging to the groups 1 and 2 have been displayed. They are filtered with a lowpass filter of 1s. The arrival times of Ps Moho conversions seem to be constant and show only small differences. The minimum Ps time (5.6 s) is observed for station QOM in Central Iran, whereas it varies between 5.6 and 6.4 s for other stations of this group. Ps times of the second group (Alborz structural unit) have larger values (6.2-6.8 s). The maximum Ps time (6.8 s) is observed for station GZV of this group. At station DMV, two phases are observed in the expected Ps arrival-time window for the Moho, with a weaker peak at ∼6.2 s and a stronger one at ∼7.8 s. The double phase makes the identification of the Moho conversion difficult with PRF alone. Slowness analysis does not display significant variations, strong enough to identify the primary Moho conversion from the multiple phases. We will show later, in Section 4, that with help of S receiver functions, we successfully have recognized the latter phase as the Moho phase.
S-receiver functions
The technique of S receiver function was previously used for mapping the Moho and the lithosphere-asthenosphere boundary (LAB; e.g. Farra & Vinnik 2000; Vinnik et al. 2004 , Kumar et al. 2005a  Sodoudi et al. 2006a,b; Heit et al. 2007 Heit et al. , 2008 ). Fig. 6 shows the teleseismic earthquake from 2001 March 24 in Japan (m b = 6.8), recorded at the three-component short period station VRN. The arrival of the S wave is clearly observed at about 520 s after the P-wave onset (Fig. 6a) . After eliminating the instruments' influence (Fig. 6c) , we select the angle of incidence by minimizing the S-wave energy on the L component and rotate the three-component ground motion into the ray coordinate system of L, Q and T ( Fig. 6d ; Kumar et al. 2006) . Deconvolution of the Q component from the L component results in having the converted S-to-P phases on the L component (Fig. 6e) . To make the S receiver functions (SRF) directly comparable with the PRF, we reverse the time axis and the polarities of the SRF, so that the S-to-P converted phases will appear on the right-hand side of the S arrival (Fig. 6f) .
We calculate SRF for all stations and plot the distribution of the S-to-P piercing points at 50 and 100 km, which are the depths of the expected Moho and the LAB, respectively (Fig. 7) . In contrast to the P-to-S piercing points, which are located close to the stations, the S-to-P piercing points are located much farther away. However, by combining these two groups of piercing points together, we are Figure 5 . Stacked PRF for each station, and their summation trace (top). Stacked P receiver functions obtained from stations in Central Iran (lower part) show rather simple structure than that obtained from the stations in the Alborz (upper part). A low-pass filter of 1 s is applied to the data. Ps conversions from the sediment and Moho discontinuities are also labelled in this figure. able to obtain a reasonably dense spatial coverage, where no observations are available. For example, the eastern part of the study area is poorly sampled by PRF but is well covered by SRF observations. We consider a west-east trending profile along the whole area and sort all individual SRF by longitude (Fig. 8a) . A low-pass filter of 3 s is applied to the SRF. Two phases are visible in the data: the first phase (in grey), with an arrival time of about 6 s, indicates the Moho boundary, whereas the second stable and coherent phase (in black), with a negative amplitude between 9 and 11 s, is representing the LAB. This phase cannot be observed in the PRF (Fig. 5) due to the interference with the multiple conversions generated by the complicated upper crustal structure. The LAB conversion can be isolated in the SRF since the SRF are free of multiples. The migrated section along the same profile is shown in Fig. 8(b) . In the migration process, each single receiver function is backprojected along its path. The paths are calculated using the IASP91 reference model (Kennet & Engdahl 1991) . The depth section is divided into small boxes, and the backprojected data falling into one box are stacked.
The migrated section shows a 54 km deep Moho (positive velocity jump in red) and a clear image of the LAB at about 90 km depth (negative velocity jump in blue). Remarkable depth variations of the LAB phase cannot be seen in Fig. 8(b) . To evaluate the stability of Figure 7 . Location of the piercing points of P-and S receiver functions at 50 km (white and black crosses, respectively) and 100 km depth (red and blue crosses, respectively). For stations location see Fig. 2 . the result, synthetic S receiver function is calculated using the Frederiksen ray theory code (Frederiksen & Bostock 1999) . We choose the Gaussian parameter so that the widths of the deconvolved Swave impulse approximately simulates the impulse derived from the observed stacked data. As Fig. 9 shows, a simple model containing a Moho at 53 km and an LAB at 90 km depth can reproduce the S receiver function that fits well to the observed stacked data.
D I S C U S S I O N S
The PRF reliably shows a clear Ps conversion from the Moho, ranging between 5.6 and 6.8 s (Fig. 5) . Beneath the station DMV located near the Damavand volcano, two coherent conversion phases exist at 6.2 and 7.8 s, within the expected Moho time window. To decipher the crustal thickness beneath this station, we plot the P-to-S and S-to-P piercing points at 50 km depth (Fig. 10a) and compare the obtained stacked P and S receiver functions of this station (Fig. 10b, upper part) . The Moho conversion resolved by 21 SRF is well imaged at 6 s, even though the S-to-P piercing points bring the information from the nearby station (Fig. 10a) . This result is in good agreement with the Moho depth obtained from PRF for station FIR (6.3 s). We interpret the second phase in the PRF as the Moho conversion from station DMV and suggest that the first phase represents the multiple scattering from sediment and upper crustal layers that are commonly present under volcanic regions (e.g. Sodoudi et al. 2006b ). Our PRF results for station DMV can also be confirmed by the SRF obtained from the nearby stations AFJ and FIR (Fig 10b, lower part) , whose S-to-P piercing points are located near the station DMV. The SRF results for these stations reveal a Moho depth of about 63 km (see also Table 1 ).
The migrated PRF section obtained from a profile perpendicular to the strike of Central Alborz (Fig. 2) is shown in Fig. 11(a) . The depth values as well as the Ps delay times of the stacked PRF (in bins of 10 km) seem to indicate a crustal thickening beneath the high elevations of Alborz (Fig. 11a, upper and lower panel, respectively) . The Moho boundary lies at about 50 km depth, beneath the southern part of the profile. Toward the north, it shows a small decrease in depth and reaches 46 km. Further to the north, the Moho seems to be constant at about 54 km depth and significantly dips to about 67 km beneath the Alborz Mountains, where station DMV is also located. This image alone would suggest a significant crustal thickening beneath the Central Alborz and indicate the presence of a crustal root beneath the mountain range. To evaluate this possibility, we exclude the station DMV from our data set and migrate the PRF. The resulting migrated section together with the time domain data (same as Fig. 11a without station DMV) are shown in Fig. 11(b) . In contrast to Fig. 11(a) , there is no apparent crustal thickening (root) beneath the Central Alborz. The crust seems to have a constant thickness of about 54 km, which is also in good correlation with the Moho depth obtained from the SRF (Fig. 8b) . The apparent uniformity of the crustal thickness along this profile without this particular station (DMV) implies that the crust beneath the Alborz Mountains has not been appreciably thickened by compression. These results are also in good agreement with other geophysical studies beneath the Alborz region (Dehghani & Makris 1984; Seber et al. 1997; Axen et al. 2001; Rham et al. 2007 ). Therefore, the crustal thickening beneath DMV must be subject to a local thickening process, probably related to magmatic addition inside and at the base of the crust and the effects of the overlying volcanic structure. Our resulting SRF image suggest a lithospheric thickness of about 90 km beneath the southern part of Central Alborz, which seems to be relatively thin for this high elevated tectonic belt (Fig. 8b) . These results are also in good agreement with those from the SRF analysis along the Alborz area (Priestley, private communication, 2007) . The lack of a thick crustal root beneath the high elevations of Central Alborz clearly shows that the Alborz cannot be balanced by a mountain root. The presence of a thin lithosphere (∼90 km), together with abnormal mantle (Kadinski-Cade et al. 1981) , and common late-Cenozoic alkaline igneous rocks in the Alborz (Annells et al. 1975 (Annells et al. , 1977 Berberian & King 1981) suggest that buoyant mantle can support the high elevations of Central Alborz. However, flexural support by the south Caspian basement, as indicated by the similar timing of Alborz uplift and Caspian subsidence (Axen et al. 2001) , should also be counted among the important factors.
To construct a more detailed map of Moho depths, a combination of both the P-and S-receiver function results are used. The estimated Moho depth map is shown in Fig. 12 . Due to the absence of clear Ps Moho multiples, which can also be caused by high background noise, we estimate the Moho depths using the IASP91 reference model. This procedure results in a ±2-3 km error in the Moho depth determination, assuming velocity variations in the crust by up to 5 per cent. The values of the crustal thickness obtained from PRF are listed in Table 1 . Our results consistently show a crustal thickness between 47 and 67 km. These rather large values of crustal thickness can be explained by considering the long history of crustal shortening in this area. We use these depths for all stations because PRF are clear and more precise. Due to the wider lateral distribution of piercing points for the SRF as well as their longer periods (error ∼5 km) compared with those of PRF (Fig. 7) , the Moho depths obtained from SRF are only used for the areas between two stations (see also Table1). Regarding our Moho depth map, the average crustal thickness beneath the southern part (Central Iran zone) of the study area (∼51 km) is relatively thinner than that beneath the Central Alborz zone (∼54 km), showing that it undergoes a higher crustal deformation and shortening than the previous one. The thinnest crust is observed beneath station QOM (∼47 km), whereas the thickest crust is located in the west beneath the station GZV (58 km). Moho depth map deduced from our P-and S-receiver function studies. Stations located in Central Iran show a relatively thinner crust (∼51 km) than those located in the Alborz (∼54 km). The crustal thickening beneath DMV (shown with black margin) is related to the volcanic structure present in this area.
C O N C L U S I O N S
Combined P-and S-receiver function analysis of recorded events between 1996 and 2003 by 11 short-period stations from the Tehran Telemetry Seismic Network shows clear conversions from the crust-mantle boundary beneath the Central Alborz and provides new insights into the tectonic evolution of this complex intracontinental belt. We have been able to present clear images from the Moho at depths ranging from 47 km beneath the Central Iran to about 54 km beneath the Central Alborz zone, which is affected by extensive shortening and crustal deformation. We found no evidence for a crustal root beneath the high elevations of Alborz, whereas a local crustal thickening (∼67 km) is observed beneath the Damavand volcano. We suggest that this crustal thickening is likely related to events of magmatic addition at the base of the crust. The SRF obtained from short period seismograms map a clear LAB showing a thin continental lithospheric thickness of 90 km. This may suggest that the lithosphere beneath this region went through various geodynamic reworking processes in the past, and the high Central Alborz mountain range is being thermally supported by asthenospheric material.
